We report quantum dots fabricated on very shallow 2-dimensional electron gases (2DEG), only 30 nm below the surface, in undoped GaAs/AlGaAs heterostuctures grown by molecular beam epitaxy. Due to the absence of dopants, an improvement of up to two orders of magnitude in mobility with respect to doped heterostructures with similar depths is observed. These undoped wafers can easily be gated with surface metallic gates patterned by e-beam lithography, as demonstrated here from single-level transport through a quantum dot showing large charging energies (up to 1.75 meV) and excited state energies (up to 0.5 meV).
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Modulation doping in molecular beam epitaxy (MBE) growth has been an extremely successful technique in reducing scattering from ionized dopants by separating the two-dimensional electron gas (2DEG) from the (intentional) dopants by an undoped "spacer" layer.
1 With this technique (among others 2 ), record high mobilities of up to 36×10
6 cm 2 /Vs at an electron carrier density of 3×10
11 cm −2 , equivalent to a scattering length exceeding 0.3 mm, have been achieved in GaAs/AlGaAs heterostructures.
3 However, the typical 2DEG depths of such high-mobility heterostructures (300−600 nm) makes them unsuitable for devices with sub-micron surface gates defined by e-beam lithography. Indeed, large distances between the 2DEG and gates smear the electrostatic potential pattern transferred electrostatically to the 2DEG, resulting in a weak confinement potential in mesoscopic devices (e.g., quantum dots and AharonovBohm rings).
To accommodate fine-featured gates, one can grow shallow 2DEGs with depths as little as 15 nm at the expense of mobility. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, with such shallow heterostructures, one has to also contend with pronounced random telegraph signal (RTS) noise, or charge noise, associated with electrons hopping between dopant sites in the AlGaAs layer. 16 Furthermore, the dopant layer may partially screen surface gates (through hopping conduction) and/or facilitate gate leakage. These effects are particularly detrimental to mesoscopic devices. Although one can perform a biased cooling 17, 18 or a thermal cure 19 to attempt to drastically reduce the levels of charge noise on a given device, results from both techniques vary from device to device. Both limitations described above can be circumvented by using undoped heterostructures in different geometries such as the semiconductor-insulator-semiconductor fieldeffect transistors [20] [21] [22] [23] [24] (SISFET) or the heterostructureinsulator-gate field-effect transistors [25] [26] [27] (HIGFET). Since there are no intentional dopants, the 2DEG can be brought much closer to the surface without sacrificing mobility. Furthermore, undoped quantum dots may also a) Electronic mail: fs228@cam.ac.uk 62nm [4] 60nm [5] 55nm [6] 40nm [6] 40nm [7] 36nm [8] 34nm [9] 34nm [10] 34nm [11] 34nm [12] 28nm [13] 20nm [14] 15nm [15] mobility (cm interact with far fewer undesirable impurities in the vicinity than their doped counterparts. In this Letter, we compare ultra-shallow undoped and doped GaAs/AlGaAs 2DEGs, discuss the contributions of various scattering mechanisms, and demonstrate gated quantum dots on ultra-shallow undoped heterostructures.
Three undoped heterostructures were grown on the same day (V625, V626, and V627) with the MBE layers shown in Figure 1(a) . The AlGaAs barrier thickness and Al composition x were varied systematically. Details of fabrication are otherwise identical to and extensively described in Ref. 28 . The surface Ti/Au gates defining our quantum dots were fabricated by e-beam lithogra-phy directly on the surface of the GaAs cap, below the insulator layer (polyimide). Above the polyimide layer, a Ti/Au topgate covers the entire surface of the 2DEG and is used to vary the carrier density.
The typical failure mechanism in SISFETs and HIGFETs are electrical shorts between the ohmic contacts and the topgate. 29 None of our samples suffered from this problem. Indeed, the relationship between density and the topgate voltage is linear for V625 and V627 [ Fig. 1(b) ], and the carrier density does not saturate with topgate voltage. Both observations are consistent with no leakage from the topgate to the 2DEG. However, we found that in V626 the AlGaAs barrier was not insulating enough to prevent charge leaking between the 2DEG and the semiconductor-insulator interface (a GaAs-polyimide interface in our case). Shortly after the 2DEG is fully induced, charge "seeps" through the AlGaAs barrier. As it gradually accumulates at the GaAspolyimide interface, it begins to screen the topgate from the 2DEG, which results in a gradual loss of carriers until the 2DEG pinches off with time.
30 Increasing the energy height of the Al x Ga 1−x As barrier (by using x = 0.90 instead of x = 0.33) eliminated the "seeping" leak between the 2DEG and the GaAs-polyimide interface. The ultrashallow 2DEG in V627 was stable in time and did not leak to the topgate, as do all our deeper undoped 2DEGs.
Figure 1(c) compares 2D transport characteristics between shallow GaAs/AlGaAs 2DEGs in our undoped wafers and a representative sample of published values of doped wafers. The large improvement in mobility (up to two orders of magnitude) is largely attributable to the absence of intentional dopants. Although scattering due to surface states is significant for a 2DEG depth less than 70 nm from the surface, 28 it is still by far the scattering from remote ionized impurities that impairs mobility in doped shallow 2DEG wafers. 31, 32 For 2DEGs much deeper than 70 nm, in undoped heterostructures, it may even be advantageous to avoid very deep 2DEGs, due to the reduced thickness of the relatively dirty AlGaAs barrier above the 2DEG (the background impurity concentration in Al 0.3 Ga 0.7 As is about three times larger than in GaAs 28, 32 ). For example, we have shown a slight improvement (∼10%) in the mobility at the highdensity limit of a 117 nm deep 2DEG relative over a 317 nm deep 2DEG in undoped heterostructures grown on the same day. 33 Lastly, we wish to emphasise that all undoped wafers are intrinsically gateable, unlike doped wafers. The ungateability of some doped wafers is not only restricted to shallow 2DEGs, but also can occur in high-mobility doped wafers.
34-36
It is only very recently that quantum dots have been successfully fabricated in undoped heterostructures with electrons 37 and holes. 38 No RTS event could be observed in the electron quantum dot fabricated on the SISFET of Ref. [37] . . Parameters extracted from this data set are: the charging energy (U = 1.25 meV), the single-particle energy level spacing (∆E = 0.5 meV), the plunger gate lever arm (α = 0.083 meV/mV), the plunger capacitance (Cg = e/∆Vg = 9.5 aF), and the total capacitance (CΣ = 128 aF).
quantum dot are partially screening the topgate and require a positive bias to help the topgate induce a 2DEG at the center of the quantum dot. Directly underneath the surface gates, the topgate is totally screened and a 2DEG does not form until a much higher positive voltage is applied to the surface gates. Effectively, there is a depletion radius extending beyond the lithographic dimensions of the surface gates, contributing to the smallness of the dot. This could make the lithography of ultra-small nanostructures much easier on undoped heterostructures than on doped wafers.
Despite its large dimensions [inset, Fig. 2(a) ], the charging energy (U = e 2 /C Σ , where C Σ the total capacitance) of our our quantum dot is rather large: U = 1.25 meV [ Fig. 2(d) ]. By suitably changing gate voltages, U can be tuned as high as 1.75 meV, but the dot . Taken together, the data from both panels confirm single-particle energy levels only are involved in transport.
is then no longer in the weak coupling regime. The (weak coupling regime) charging energy in our HIGFET (U = 1.25 meV) is larger than that (U = 0.5 meV) of the quantum dot on the SISFET's from Ref. [37] . The single-particle energy level spacing (∆E) of our quantum dot is also quite larger, ∆E ∼ 0.50 meV as opposed to ∆E ∼ 0.05 meV, and enables the observation of excited states at 400 mK. The total capacitance of our HIGFET dot (128 aF) is slightly less than that of the SISFET dot (160 aF), and is dominated by the capacitance to the large topgate above the quantum dot in both cases. Using the 2D electron density and the area implied by the measured total capacitance (assuming C Σ = εA/d), there are at most ∼ 80 electrons in our dot. The energy scales of U and ∆E are directly related to the 2DEG depths of the SISFET (185 nm deep) and our HIGFET (30 nm deep). It is difficult to make shallow SISFET devices: the yield of working devices dramatically falls off with decreasing 2DEG depth, whereas it remains constant in HIGFET devices. Using C Σ = εA/d and the values above, we estimate a quantum dot fabricated on a hypothetical SISFET with a 30 nm deep 2DEG would have a large total capacitance, 800−1000 aF. It therefore appears more advantageous to fabricate quantum dots from HIGFETs rather than SISFETs. Figure 3 and Figure 2 (c) show fits to the equation:
where Γ c is a constant, α the lever arm of the plunger gate, and V 0 the plunger voltage at the center of the CB peak. 39 It describes the expected lineshape of CB peaks where transport only involves a single energy level. Theory fits our data well. Thus, the CB peaks shown in Fig. 2 (b) are in the single-level transport regime U ≫ ∆E ≫ kT .
In conclusion, we have shown ultra-shallow 2DEGs (within 30 nm of the surface) in undoped heterostructures that display no parallel conduction, are gateable, and show no hysteresis upon gate action. The absence of dopants has improved their mobility by up to two orders of magnitude relative to their doped counterparts with similar 2DEG depths. We have also demonstrated that these undoped heterostructures can be used to fabricate single-electron quantum dots defined by surface metal gates, with charging energies of up to 1.75 meV and excited state energies of up to 0.5 meV.
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